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APPARATUS AND METHOD FOR
PROVIDING EFFICIENT BEAMFORMING
FEEDBACK

PRIORITY

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 16/404,281, which was filed in the United

States Patent and Trademark Oflice (USPTO) on May 6,
2019, and claims priority under 35 U.S.C. § 119(e) to a U.S.
Provisional Patent Application Ser. No. 62/679,148, which
was filed 1n the USPTO on Jun. 1, 2018, the entire content
of each of which 1s incorporated herein by reference.

FIELD

The present disclosure relates generally to a wireless-

fidelity (Wi1-Fi1) system, and more particularly, to an appa-
ratus and method for providing beamiorming feedback.

BACKGROUND

In a conventional wireless commumnication system, 1t 1s
important to have a strong communication signal. In par-
ticular, the greatest possible signal-to-noise ratio (SNR) 1s
desired at a receiver end. Similarly, for a Wi-F1 system,
increasing the SNR at the receiving device increases the
probability that frames are correctly received and reduces
the amount of retransmissions necessary from the source.
Some methods of achieving better SNR at the receiver end
1s to 1ncrease transmit power, decrease the distance between
the source and the receiver, and increase antenna gain.

In Wi-F1, non-compressed beamiforming and compressed
beamforming may be used. Compressed beamiorming
reduces the amount of feedback. In addition, Wi-F1 intro-
duced group feedback, 1.e., feedback only once 1n an Ng
group of subcarriers, where Ng represents a number of
subcarriers in a subcarrier group. In long term evolution/new
radio (LTE/NR), two step beamforming 1s used to reduce
overhead, where one matrix 1s used with wideband and
another matrix 1s used with a subband.

In a conventional Wi-Fi1 system, beamiorming increases
antenna gain while maintaining omnidirectional coverage,
which results 1n increased SNR and more stable, higher
bandwidth Wi-F1 connections by focusing transmissions to
the recipient. These benelits are achieved by transmitting a
signal via an array of antennas and slightly altering the phase
of the signal at each antenna in the array. For example, the
Institute of Electrical and Electronics Engineers (IEEE)
802.11ac standard (i.e., a wireless networking standard 1n
the 802.11 family, developed by the IEEE Standards Asso-
ciation) provides a protocol for calibrating an array of
antennas to direct a signal to any point covered under
omnidirectional propagation. A beamiormer 1s a device that
augments the phase shift of antennas to produce a gain 1n a
desired direction. A beamformee 1s a device that 1s a target
of a beamformer. The beamformee participates 1n the estab-
lishment of the beam, but does not augment timings of its
antennas.

In the IEEE 802.11ac standard, a compressed beamiorm-
ing report 1s generated per user, based on a singular value
decomposition (SVD) of the channel. After obtaining a
beamforming matrix, the beamiorming matrix 1s com-
pressed using multiplications of diagonal matrices and Giv-
ens rotation matrices, where H(k) 1s an N xN, channel matrix
on a sub-carrier k, N 1s a number of receive antennas, and
N. 1s a number of transmit antennas. The channel matrix 1s
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2

first estimated at the receiver by frequency domain channel
estimation based on a received long training field (LTF).
SVD 1s then applied on the estimated channel matrix, which
results 1n Equation (1) as follows:

H(k)=U(k)-S(k) V'(k) (1)

where S(k) 1s a diagonal singular value matrix containing
singular values 1n a decreasing order on the diagonal of the
singular value matrix, U(k) 1s a left singular matrix contain-
ing left singular vectors 1n corresponding order, and V(k) 1s
a right singular matrix containing right singular vectors in
the same order. The matrix V(k) of size N xN, 1s semi-
unitary.

SVD-based single user beamforming in the IEEE
802.11ac standard requires that the right singular matrix be
decomposed, quantized, and then fed back to the transmaitter
for eflicient transmit beamforming. The matrix V may be
decomposed 1n Equation (2) as follows:

V:[Hlemm(Nﬂﬁ:_l)[Df(lz'—lef bt WL,
G F (W) v (2)

Conventional Wi-F1 feedback provides quantization for
cach subcarrier, which results in a large increase in the
amount of feedback as the number of antennas increases.
Next generation Wi-F1 will have a large number of antennas.
Thus, the amount of feedback will increase significantly i1 a
conventional feedback mechanism 1s used.

SUMMARY

According to one embodiment, an apparatus of a beam-
formee 1s provided. The apparatus of the beamiformee
includes a first beamforming matrix device configured to
generate a first beamforming matrix V_WB from a channel
H; an equivalent channel device configured to generate an
equivalent channel H_k based on the channel H and the first
beamiforming matrix V_WB, where k 1s a number that
indicates a subcarrier mdex; and a second beamiorming
matrix device configured to obtain a second beamiorming
matrix V_SC from the equivalent channel H k.

According to one embodiment, an apparatus of a beam-
formee 1s provided. The apparatus of the beamiformee
includes a first beamforming matrix device configured to
generate a {irst beamforming matrix V. from a channel H;
and an equivalent channel device configured to generate an
equivalent channel H, based on the channel H and the first
beamforming matrix V... where k 1s a number that indi-
cates a subcarrier index.

According to one embodiment, a method 1s provided. The
method includes determining, by a beamformee, a first
beamforming matrix V ,; from a channel H; determining, by
the beamformee, an equivalent channel H, based on the
channel H and the first beamforming matrix V .., where k
1s a number that indicates a subcarrier index; and obtaining,
by the beamiormee, a second beamforming matrix V.~ from
the equivalent channel H,.

According to one embodiment, a method 1s provided. The
method 1ncludes determining, by a beamformee, a first
beamforming matrix V. from a channel H; and determin-
ing, by the beamformee, an equivalent channel H, based on
the channel H and the first beamforming matrix V., where
k 1s a number that indicates a subcarrier index.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features, and advantages of
certain embodiments of the present disclosure will be more
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apparent from the following detailed description, taken 1n
conjunction with the accompanying drawings, in which:

FIG. 1 1s a block diagram of an apparatus for beamiorm-
ing feedback, according to one embodiment;

FIG. 2 1s a flowchart of a method of beamiforming
teedback, according to one embodiment;

FIG. 3 1s a block diagram of an electronic device in a
network environment to which an apparatus and a method of
the present disclosure 1s applied, according to one embodi-
ment;

FIG. 4 1s a block diagram of a program to which an
apparatus and a method of the present disclosure 1s applied,
according to one embodiment; and

FIG. 5 1s a block diagram of a wireless communication
module, a power management module, and an antenna
module of an electronic device to which an apparatus and a
method of the present disclosure 1s applied, according to one
embodiment, according to one embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE PRESENT DISCLOSURE

Hereinafter, embodiments of the present disclosure are
described 1n detail with reference to the accompanying
drawings. It should be noted that the same elements will be
designated by the same reference numerals although they are
shown 1n different drawings. In the following description,
specific details such as detailed configurations and compo-
nents are merely provided to assist with the overall under-
standing of the embodiments of the present disclosure.
Therefore, 1t should be apparent to those skilled 1n the art
that various changes and modifications of the embodiments
described herein may be made without departing from the
scope of the present disclosure. In addition, descriptions of
well-known functions and constructions are omitted for
clarity and conciseness. The terms described below are
terms defined 1n consideration of the functions in the present
disclosure, and may be different according to users, inten-
tions of the users, or customs. Therefore, the definitions of
the terms should be determined based on the contents
throughout this specification.

The present disclosure may have various modifications
and various embodiments, among which embodiments are
described below 1n detail with reference to the accompany-
ing drawings. However, it should be understood that the
present disclosure 1s not limited to the embodiments, but
includes all modifications, equivalents, and alternatives
within the scope of the present disclosure.

Although the terms including an ordinal number such as
first, second, etc. may be used for describing various ele-
ments, the structural elements are not restricted by the terms.
The terms are only used to distinguish one element from
another element. For example, without departing from the
scope of the present disclosure, a first structural element may
be referred to as a second structural element. Similarly, the
second structural element may also be referred to as the first
structural element. As used herein, the term “and/or”
includes any and all combinations of one or more associated
items.

The terms used herein are merely used to describe various
embodiments of the present disclosure but are not intended
to limit the present disclosure. Singular forms are intended
to iclude plural forms unless the context clearly indicates
otherwise. In the present disclosure, 1t should be understood
that the terms “include” or “have” indicate existence of a
feature, a number, a step, an operation, a structural element,
parts, or a combination thereof, and do not exclude the
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existence or probability of the addition of one or more other
features, numerals, steps, operations, structural elements,
parts, or combinations thereof.

Unless defined differently, all terms used herein have the
same meanings as those understood by a person skilled 1n
the art to which the present disclosure belongs. Terms such
as those defined 1 a generally used dictionary are to be
interpreted to have the same meanings as the contextual
meanings in the relevant field of art, and are not to be
interpreted to have ideal or excessively formal meanings
unless clearly defined 1n the present disclosure.

In a next generation Wi-F1 system, 1t may be desired to
support a larger frequency (e.g., 320 megahertz (MHz)) and
a larger number of antennas (e.g., 16). If the compressed
beamiorming method 1s used, then feedback overhead may
be an issue. Table 1 below illustrates examples of IEEE
802.11ac standard compressed beamiorming feedback sizes.

TABLE 1

Number of

feedback bits
(80 MHz,

Number of

feedback bits

codebook (CB) (80 MHz, CB
Size of V Number of information = 1, information = 0O,
(Nr x Nc) angles (Na) Ng =1) Ng = 4)
2x 1 2 2,348 380
2 x 2 2 2,356 388
8 x 1 14 16,388 2,612
8 x 2 26 30,436 4,852
8 x 8 56 65,584 10,480

According to one embodiment, hybrid beamforming 1s
employed, where wideband/subband beamforming feedback
1s combined with subcarrier beamiforming feedback with
reduced dimension.

According to one embodiment, the present apparatus, by
a beamiormee, estimates a channel H (e.g., a wideband
channel) and determines a wideband beamforming matrix
V5 with dimension N .xK, where N .- 1s a number of
transmit antennas, K 1s a number that 1s design parameter for
dimension reduction of V., and V ;. 1s a matrix having K
most significant vectors in a right singular matrix for a
wideband beamforming matrix. Thus, the space of channel
H 1s projected to its K dimensional principal subspace.
Wideband may refer to a whole operational bandwidth or a
subband of the operational bandwidth. The width of the
wideband 1s compared to a subcarrier level feedback. Sub-
carrier beamiforming feedback will find a feedback matrix
from equivalent channel of reduced dimension N, xK. It 1s
noted that original dimension of channel 15 N, <N .

A wideband beamiforming matrix i1s determined by the
beamiormee from a covariance matrix of a wideband chan-
nel. The wideband bandwidth may depend on a channel
condition and a multiple-input-multiple-output (MIMO)
mode. For a single user (SU), 80 MHz may provide a good
result. For multiple users (MU), less than 80 MHz may be
required (e.g., 5 or 10 MHz per user). After calculating the
covariance matrix, the wideband beamforming matrix may
be obtained by a method used in compressed beamforming,
¢.g., SVD. Then, the N .xK wideband beamforming matrix
V... may be quantized based on, for example, compressed
beamiorming, where K 1s design parameter (e.g., K=8). K
may be determined by a beamformee or a beamformer. For
example, 1n the case of an SU, K may be determined by the
beamiormee and, in the case of an MU or trigger-based
feedback, K may be determined by the beamformer. The
tradeofl between complexity and performance analysis
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aflects the choice of K. Various factors include timing, delay
spread, side of BW, spatial correlation between antennas.

The present system, by the beamiformee, further multi-
plies a channel H at subcarrier index k (e.g., H,), by V. and
determines an equivalent channel H,=H, V., and then
obtains a subcarrier beamforming matrix V.. from the
equivalent channel, where V .. 1s a night singular matrix for
an equivalent channel H, for subcarrier k. Thus, the dimen-
sion of the equivalent channel 1s reduced to N, . xK. After
multiplying the channel H, by V., each subcarrier’s chan-
nel dimension 1s reduced to N,.xK. The remaiming proce-
dure may be the same as conventional compressed beam-
forming of Nr=K, where V.. 1s quantized as a quantized
beamforming matrix of NrxINc, where Nc 1s a number of
columns 1n the quantized beamforming matrix.

According to one embodiment, the present apparatus, by
the beamformee, feedbacks V .- and V.- from a receiver to
a transmitter. Hybrid beamiforming herein refers to a com-
bination of using the wideband feedback matrix V., with
subcarrier level tfeedback matrix V... For example, a beam-
former may reconstruct the wideband beamiorming matrix
using V-V~ For example, when N..=8, Nc=2, Ng=1,
BW=80 M{z codebook (CB) information=1, using the
IEEE 802.11ac standard beamiorming method 8.2+
234.26.5=164+30,420=30,436 bits are required. Ng repre-
sents a number of subcarriers 1n a subcarrier group. During
beamforming feedback, a beamiormee may not feedback
every subcarrier, but may feedback for a group of adjacent

subcarriers to save overhead. However, for an embodiment
of the present system with K=4: 82 (SNR)+26'5 (V,.,)+
234-10-5(V ~)=16+130+11,700=11,846 bits are required

For example, when Ng=4, CB 111f0rmat10n—0 using the
IEEE 802.11ac standard beamformmg method, 4,852 bits
are required. However, for an embodiment of the present
system with K=4: 82 (SNR)+263 (V,,5)+62:10.3(V )
=16+78+1860=1,954 bits are required.

According to one embodiment, the present system pro-
vides selection and feedback of V. using two methods
described below. The beamiormee may select either of the
two methods described below for wide band feedback.

In a first method, one embodiment of the present system
uses IEEE 802.11ac standard compressed beamiorming
teedback. The present system uses same, similar, or different
(c.g., greater) bit size for angle quantization than V-
teedback, and K 1s the same or greater than Nc of V..

In a second method, one embodiment of the present
system uses a predelined codebook that includes an index of
a predefined codebook (PMI), and indices of vectors 1n an
(e.g., oversampled) discrete Fourier transform (DFT)
matrix.

According to one embodiment, the present system deter-
mines feedback granularity. The present system may apply
one or multiple V. feedback. For one V . feedback, V
1s wideband. For multiple V., teedback, V., 1s calculated
on a subband basis (e.g., subband=242 tone resource units
(RUs) as defined 1n IEEE 802.11ax standard). Since there 1s
a wideband beamiorming matrix/vector available, the pres-
ent system does not have to feedback all (down sampled:
Ng>1) subcarriers” V.. Instead, the present system may
teedback a few selected subcarriers, for example, subcarriers
in selected 26 tone RUs. In one embodiment, the present
system omits feedback of V..

FIG. 1 1s a block diagram of an apparatus 100 for eflicient
beamforming feedback, according to one embodiment.

Referring to FIG. 1, the apparatus 100 includes a beam-
formee 99 and a beamformer 111, where the beamformee 99

includes a channel estimator 101, a wideband beamforming
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matrix device 103, an equivalent channel device 105, a
subcarrier beamforming matrix device 107, and a transmatter
109.

The channel estimator 101 includes an input 113 for
receiving a signal, and an output 115 for providing an
estimate of the received channel, H.

The wideband beamforming matrix device 103 includes
an mput connected to the output 115 of the channel estimator
101, and an output 117 for providing a wideband beamiorm-
ing matrix V . from the channel H. In one embodiment, the
wideband beamforming matrix V. may have dimension
N xK, where N .- 1s a number of transmit antennas of the
beamformee, and where K 1s a number. The wideband
beamforming matrix V , may be a matrix having K most
significant vectors in a right singular matrix, where K 1s a
number. The wideband beamforming matrix device 103 may
determine the wideband beamiforming matrix V .., based on
a covariance matrix of the channel H. The wideband beam-
forming matrix device 103 may compute the wideband
beamiorming matrix V., by SVD. The wideband beam-
forming matrix device 103 may quantize the wideband
beamiorming matrix V. based on the compressed beam-
forming method.

The equivalent channel device 105 includes an input
connected to the output 117 of the wideband beamiorming
matrix device 103, and an output 119 for providing an
equivalent channel H,. In one embodiment, the equivalent
channel H, may be based on the channel H and the wideband
beamforming matrix V., where k 1s a number that indi-
cates a subcarrier index. Note that the estimated channel H
for the equivalent channel device 105 may be different from
the estimated channel H for the wideband beamiforming
matrix device 103. For example, the estimated channel H for
the wideband beamiorming matrix device 103 may be
determined based on a received signal divided by a reference
signal while the estimated channel H for the equivalent
channel device 105 may be further improved from the
estimated channel H for the wideband beamforming matrix
device 103 using signal processing, e.g. channel smoothing.
The equivalent channel device 105 may determine the
equivalent channel H, by multiplying H, by the wideband
beamforming matrix V., where H, 1s the channel H at the
subcarrier mndex k. The apparatus may use one reference
signal (e.g., one reference signal receirved at one time from
all transmutters).

The subcarrier beamforming matrix device 107 includes
an mput connected to the output 119 of the equivalent
channel device 105, and an output 121 for providing a
subcarrier beamforming matrix device V. obtained from
the equivalent channel H,. The subcarrier beamforming
matrix device 107 may quantize the subcarrier beamiorming
matrix V.~ as a quantized beamiorming matrix of KxNc,
where Nc 1s a number of columns of the quantized beam-
forming matrix.

The transmitter 109 includes a first input connected to the
output 117 of the wideband beamiorming matrix device 103,
a second 1nput connected to the output 121 of the subcarrier
beamiforming matrix device 107, and an antenna 123 for
transmitting the wideband beamforming matrix V . and the
subcarrier beamforming matrix V.

The beamformer 111 includes an antenna 125 for receiv-
ing the transmitted wideband beamforming matrix V.. and
the subcarrier beamforming matrix V.. The beamformer
111 may construct a beamforming matrix based on the
wideband beamforming matrix V. and the subcarrier
beamiorming matrix V... The beamformer 111 may receive
a quantized wideband beamforming matrix V . and a quan-
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tized subcarrier beamforming matrix V .~ and may construct
the beamforming matrix therefrom.

FI1G. 2 1s a flowchart of a method of eflicient beamiorming
teedback, according to one embodiment.

Referring to FIG. 2, a beamformee estimates a channel H
at step 201. In one embodiment, the channel H may be a
wideband channel. The bandwidth of the channel H may
depend on a channel condition and a MIMO mode. The
beamforming matrix V. may be quantized based on the
averaged covariance matrix of the channel H,.

At 203, the beamiormee determines a beamiorming
matrix V. from the channel H. In one embodiment, the
beamforming matrix V., may have dimension N, .xK,
where N_.,- 1s a number of transmit antennas of the beam-
former, and where K 1s a number. The beamforming matrix
V... may be a matrix having K most significant vectors in
a right singular matrix, where K 1s a number. The beam-
forming matrix V., may be determined based on a cova-
riance matrix of the channel H. The beamforming matrix
V. may be quantized based on the covariance matrix of the
channel H. The beamforming matrix V .. may be quantized
by SVD.

At 205, the beamformee determines an equivalent channel
H, based on the channel H and the beamforming matrix
V5, where k 1s a number that indicates a subcarrier index.
In one embodiment, the equivalent channel H, may be
determined by multiplying H, by the beamforming matrix
V..., where H, 1s the channel H at the subcarrier index k.

At 207, the beamformee obtains a subcarrier beamform-
ing matrix V. from the equivalent channel H,. In one
embodiment, the subcarrier beamforming matrix V.. may
be quantized as a quantized beamforming matrix of KxNc,
where Nc 1s a number of columns of the quantized beam-
forming matrix.

At 209, the beamformee transmits the quantized beam-
forming matrix V;;, and the quantized subcarrier beamiorm-
ing matrix V.

At 211, a beamformer recerves the quantized beamiorm-
ing matrix V. and the quantized subcarrier beamforming
matrix V..

At 213, the beamiormer, constructs a beamforming matrix
based on the received quantized beamforming matrix V.
and the quantized subcarrier beamiforming matrx V..
Thus, 201 to 209 are performed by the beamformee and 211
and 213 are performed by the beamiormer.

FI1G. 3 1s a block diagram illustrating an electronic device
301 1n a network environment 300 according to various
embodiments.

Referring to FIG. 3, the electronic device 301 in the
network environment 300 may communicate with an elec-
tronic device 302 via a first network 398 (e.g., a short-range
wireless communication network), or an electronic device
304 or a server 308 via a second network 399 (e.g., a
long-range wireless communication network). According to
an embodiment, the electronic device 301 may communicate
with the electronic device 304 via the server 308. According
to an embodiment, the electronic device 301 may include a
processor 320, memory 330, an mput device 350, a sound
output device 355, a display device 360, an audio module
370, a sensor module 376, an interface 377, a haptic module
379, a camera module 380, a power management module
388, a battery 389, a communication module 390, a sub-
scriber 1dentification module (SIM) 396, or an antenna
module 397. In some embodiments, at least one (e.g., the
display device 360 or the camera module 380) of the
components may be omitted from the electronic device 301,
or one or more other components may be added in the
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electronic device 301. In some embodiments, some of the
components may be implemented as single integrated cir-
cuitry. For example, the sensor module 376 (e.g., a finger-
print sensor, an 1ris sensor, or an illuminance sensor) may be
implemented as embedded 1n the display device 360 (e.g., a
display).

The processor 320 may execute, for example, software
(e.g., a program 340) to control at least one other component
(e.g., a hardware or software component) of the electronic
device 301 coupled with the processor 320, and may per-
form various data processing or computation. According to
one embodiment, as at least part of the data processing or
computation, the processor 320 may load a command or data
received from another component (e.g., the sensor module
376 or the communication module 390) in volatile memory
332, process the command or the data stored in the volatile
memory 332, and store resulting data in non-volatile
memory 334. According to an embodiment, the processor
320 may include a main processor 321 (e.g., a central
processing unit (CPU) or an application processor (AP)),
and an auxiliary processor 323 (e.g., a graphics processing
unmt (GPU), an image signal processor (ISP), a sensor hub
processor, or a communication processor (CP)) that 1s oper-
able mndependently from, or in conjunction with, the main
processor 321. Additionally or alternatively, the auxiliary
processor 323 may be adapted to consume less power than
the main processor 321, or to be specific to a specified
function. The auxiliary processor 323 may be implemented
as separate from, or as part of the main processor 321.

The auxiliary processor 323 may control at least some of
functions or states related to at least one component (e.g., the
display device 360, the sensor module 376, or the commu-
nication module 390) among the components of the elec-
tronic device 301, instead of the main processor 321 while
the main processor 321 1s in an mactive (e.g., sleep) state, or
together with the main processor 321 while the main pro-
cessor 321 1s 1n an active state (e.g., executing an applica-
tion). According to an embodiment, the auxiliary processor
323 (e.g., an 1mage signal processor or a communication
processor) may be implemented as part of another compo-
nent (e.g., the camera module 380 or the communication
module 390) functionally related to the auxiliary processor
323.

The memory 330 may store various data used by at least
one component (e.g., the processor 320 or the sensor module
376) of the electronic device 301. The various data may
include, for example, software (e.g., the program 340) and
input data or output data for a command related thereto. The
memory 330 may include the volatile memory 332 or the
non-volatile memory 334.

The program 340 may be stored in the memory 330 as
software, and may include, for example, an operating system
(OS) 342, middleware 344, or an application 346.

The mput device 350 may receive a command or data to
be used by another component (e.g., the processor 320) of
the electronic device 301, from the outside (e.g., a user) of
the electronic device 301. The mput device 350 may include,
for example, a microphone, a mouse, a keyboard, or a digital
pen (e.g., a stylus pen).

The sound output device 355 may output sound signals to
the outside of the electronic device 301. The sound output
device 335 may include, for example, a speaker or a
receiver. The speaker may be used for general purposes,
such as playing multimedia or playing record, and the
receiver may be used for an incoming calls. According to an
embodiment, the receiver may be implemented as separate
from, or as part of the speaker.
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The display device 360 may visually provide information
to the outside (e.g., a user) of the electronic device 301. The
display device 360 may include, for example, a display, a
hologram device, or a projector and control circuitry to
control a corresponding one of the display, hologram device,
and projector. According to an embodiment, the display
device 360 may include touch circuitry adapted to detect a
touch, or sensor circuitry (e.g., a pressure sensor) adapted to
measure the intensity of force incurred by the touch.

The audio module 370 may convert a sound into an
clectrical signal and vice versa. According to an embodi-
ment, the audio module 370 may obtain the sound via the
input device 350, or output the sound via the sound output
device 3535 or a headphone of an external electronic device
(e.g., an electronic device 302) directly (e.g., wired) or
wirelessly coupled with the electronic device 301.

The sensor module 376 may detect an operational state
(e.g., power or temperature) of the electronic device 301 or
an environmental state (e.g., a state of a user) external to the
clectronic device 301, and then generate an electrical signal
or data value corresponding to the detected state. According
to an embodiment, the sensor module 376 may include, for
example, a gesture sensor, a gyro sensor, an atmospheric
pressure sensor, a magnetic sensor, an acceleration sensor, a
grip sensor, a proximity sensor, a color sensor, an infrared
(IR) sensor, a biometric sensor, a temperature sensor, a
humidity sensor, or an i1lluminance sensor.

The interface 377 may support one or more specified
protocols to be used for the electronic device 301 to be
coupled with the external electronic device (e.g., the elec-
tronic device 302) directly (e.g., wired) or wirelessly.
According to an embodiment, the imnterface 377 may include,
for example, a high definition multimedia interface (HDMI),
a umversal serial bus (USB) interface, a secure digital (SD)
card interface, or an audio interface.

A connecting terminal 378 may include a connector via
which the electronic device 301 may be physically con-
nected with the external electronic device (e.g., the elec-
tronic device 302). According to an embodiment, the con-
necting terminal 378 may include, for example, a HDMI
connector, a USB connector, a SD card connector, or an
audio connector (e.g., a headphone connector).

The haptic module 379 may convert an electrical signal
into a mechanical stimulus (e.g., a vibration or a movement)
or electrical stimulus which may be recognized by a user via
hi1s tactile sensation or kinesthetic sensation. According to an
embodiment, the haptic module 379 may include, for
example, a motor, a piezoelectric element, or an electric
stimulator.

The camera module 380 may capture a still image or
moving images. According to an embodiment, the camera
module 380 may include one or more lenses, 1image sensors,
image signal processors, or flashes.

The power management module 388 may manage power
supplied to the electronic device 301. According to one
embodiment, the power management module 388 may be
implemented as at least part of, for example, a power
management ntegrated circuit (PMIC).

The battery 389 may supply power to at least one com-
ponent of the electronic device 301. According to an
embodiment, the battery 389 may include, for example, a
primary cell which 1s not rechargeable, a secondary cell
which 1s rechargeable, or a fuel cell.

The communication module 390 may support establishing
a direct (e.g., wired) communication channel or a wireless
communication channel between the electronic device 301
and the external electronic device (e.g., the electronic device
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302, the electronic device 304, or the server 308) and
performing communication via the established communica-
tion channel. The communication module 390 may include
one or more communication processors that are operable
independently from the processor 320 (e.g., the application
processor (AP)) and supports a direct (e.g., wired) commu-
nication or a wireless communication. According to an
embodiment, the communication module 390 may include a
wireless communication module 392 (e.g., a cellular com-
munication module, a short-range wireless communication
module, or a global navigation satellite system (GNSS)
communication module) or a wired communication module
394 (e.g., a local area network (LAN) communication mod-
ule or a power line communication (PLC) module). A
corresponding one of these communication modules may
communicate with the external electronic device via the first
network 398 (e.g., a short-range communication network,
such as Bluetooth™, wireless-fidelity (Wi-F1) direct, or
inirared data association (IrDA)) or the second network 399
(e.g., a long-range communication network, such as a cel-
lular network, the Internet, or a computer network (e.g.,
LAN or wide area network (WAN)). These various types of
communication modules may be implemented as a single
component (e.g., a single chip), or may be implemented as
multi components (e.g., multi chips) separate from each
other. The wireless communication module 392 may 1den-
tify and authenticate the electronic device 301 1n a commu-
nication network, such as the first network 398 or the second
network 399, using subscriber information (e.g., interna-
tional mobile subscriber 1dentity (IMSI)) stored 1n the sub-
scriber 1dentification module 396.

The antenna module 397 may transmit or receive a signal
or power to or from the outside (e.g., the external electronic
device) of the electronic device 301. According to an
embodiment, the antenna module 397 may include an
antenna including a radiating element composed of a con-
ductive material or a conductive pattern formed 1n or on a
substrate (e.g., PCB). According to an embodiment, the
antenna module 397 may include a plurality of antennas. In
such a case, at least one antenna appropriate for a commu-
nication scheme used 1n the communication network, such
as the first network 398 or the second network 399, may be
selected, for example, by the communication module 390
(e.g., the wireless communication module 392) from the
plurality of antennas. The signal or the power may then be
transmitted or recerved between the communication module
390 and the external electronic device via the selected at
least one antenna. According to an embodiment, another
component (e.g., a radio frequency integrated circuit
(RFIC)) other than the radiating element may be additionally
formed as part of the antenna module 397.

At least some of the above-described components may be
coupled mutually and communicate signals (e.g., commands
or data) therebetween via an iter-peripheral communication
scheme (e.g., a bus, general purpose input and output
(GPIO), senial peripheral interface (SPI), or mobile industry
processor interface (MIPI)).

According to an embodiment, commands or data may be
transmitted or received between the electronic device 301
and the external electronic device 304 via the server 308
coupled with the second network 399. Each of the electronic
devices 302 and 304 may be a device of a same type as, or
a different type, from the electronic device 301. According
to an embodiment, all or some of operations to be executed
at the electronic device 301 may be executed at one or more
of the external electronic devices 302, 304, or 308. For
example, 1f the electronic device 301 should perform a
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function or a service automatically, or in response to a
request from a user or another device, the electronic device
301, mnstead of, or 1n addition to, executing the function or
the service, may request the one or more external electronic
devices to perform at least part of the function or the service.
The one or more external electronic devices receiving the
request may perform the at least part of the function or the
service requested, or an additional function or an additional
service related to the request, and transfer an outcome of the
performing to the electronic device 301. The electronic
device 301 may provide the outcome, with or without further
processing of the outcome, as at least part of a reply to the
request. To that end, a cloud computing, distributed com-
puting, or client-server computing technology may be used,
for example.

The electronic device according to various embodiments
may be one of various types of electronic devices. The
clectronic devices may include, for example, a portable
communication device (e.g., a smartphone), a computer
device, a portable multimedia device, a portable medical
device, a camera, a wearable device, or a home appliance.
According to an embodiment of the disclosure, the elec-
tronic devices are not limited to those described above.

It should be appreciated that various embodiments of the
present disclosure and the terms used therein are not
intended to limit the technological features set forth herein
to particular embodiments and include various changes,
equivalents, or replacements for a corresponding embodi-
ment. With regard to the description of the drawings, similar
reference numerals may be used to refer to similar or related
clements. It 1s to be understood that a singular form of a
noun corresponding to an item may include one or more of
the things, unless the relevant context clearly indicates
otherwise. As used herein, each of such phrases as “A or B,”
“at least one of A and B.” ““at least one of A or B,” “A, B,
or C,” “at least one of A, B, and C.” and “at least one of A,
B, or C,” may include any one of, or all possible combina-
tions of the items enumerated together in a corresponding,
one of the phrases. As used herein, such terms as “1st” and
“2nd,” or “first” and “second” may be used to simply
distinguish a corresponding component from another, and
does not limit the components 1n other aspect (e.g., 1mpor-
tance or order). It 1s to be understood that 1f an element (e.g.,
a first element) 1s referred to, with or without the term
“operatively” or “communicatively”, as “coupled with,”
“coupled to,” “connected with,” or “connected to” another
clement (e.g., a second element), 1t means that the element
may be coupled with the other element directly (e.g., wired),
wirelessly, or via a third element.

As used herein, the term “module” may include a unit
implemented 1n hardware, software, or firmware, and may
interchangeably be used with other terms, for example,
“logic,” “logic block,” “part,” or “circuitry”. A module may
be a single integral component, or a minimum unit or part
thereot, adapted to perform one or more functions. For
example, according to an embodiment, the module may be
implemented in a form of an application-specific integrated
circuit (ASIC).

Various embodiments as set forth herein may be imple-
mented as software (e.g., the program 340) including one or
more 1nstructions that are stored 1n a storage medium (e.g.,
internal memory 336 or external memory 338) that is
readable by a machine (e.g., the electronic device 301). For
example, a processor (e.g., the processor 320) of the
machine (e.g., the electronic device 301) may invoke at least
one of the one or more instructions stored in the storage
medium, and execute 1t, with or without using one or more
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other components under the control of the processor. This
allows the machine to be operated to perform at least one
function according to the at least one instruction invoked.
The one or more instructions may include a code generated
by a complier or a code executable by an interpreter. The
machine-readable storage medium may be provided in the
form of a non-transitory storage medium. Wherein, the term
“non-transitory” simply means that the storage medium 1s a
tangible device, and does not include a signal (e.g., an
clectromagnetic wave), but this term does not differentiate
between where data 1s semi-permanently stored 1n the stor-
age medium and where the data 1s temporarily stored in the
storage medium.

According to an embodiment, a method according to
various embodiments of the disclosure may be included and
provided 1n a computer program product. The computer
program product may be traded as a product between a seller
and a buyer. The computer program product may be distrib-
uted 1n the form of a machine-readable storage medium
(e.g., compact disc read only memory (CD-ROM)), or be
distributed (e.g., downloaded or uploaded) online via an
application store (e.g., PlayStore™), or between two user
devices (e.g., smart phones) directly. I distributed online, at
least part of the computer program product may be tempo-
rarily generated or at least temporarily stored in the
machine-readable storage medium, such as memory of the
manufacturer’s server, a server of the application store, or a
relay server.

According to various embodiments, each component
(e.g., a module or a program) of the above-described com-
ponents may include a single enfity or multiple entities.
According to various embodiments, one or more of the
above-described components may be omitted, or one or
more other components may be added. Alternatively or
additionally, a plurality of components (e.g., modules or
programs) may be integrated into a single component. In
such a case, according to various embodiments, the inte-
grated component may still perform one or more functions
of each of the plurality of components in the same or similar
manner as they are performed by a corresponding one of the
plurality of components betfore the integration. According to
various embodiments, operations performed by the module,
the program, or another component may be carrnied out
sequentially, 1n parallel, repeatedly, or heuristically, or one
or more of the operations may be executed 1n a different
order or omitted, or one or more other operations may be

added.

FIG. 4 1s a block diagram of the program 340 according
to one embodiment.

Referring to FIG. 4, the program 340 may include an OS
342 to control one or more resources of the electronic device
301, middleware 344, or an application 346 executable 1n
the OS 342. The OS 342 may include, for example,
Androild®, 10S®, Windows®, Symbian®, Tizen®, or
Bada™. At least part of the program 340, for example, may
be pre-loaded on the electronic device 301 during manufac-
ture, or may be downloaded from or updated by an external
clectronic device (e.g., the electronic device 302 or 304, or
the server 308) during use by a user.

The OS 342 may control management (e.g., allocating or
deallocation) of one or more system resources (€.g., process,
memory, or power source) of the electronic device 301. The
OS 342, additionally or alternatively, may include one or
more driver programs to drive other hardware devices of the
clectronic device 301, for example, the input device 350, the
sound output device 355, the display device 360, the audio
module 370, the sensor module 376, the interface 377, the
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haptic module 379, the camera module 380, the power
management module 388, the battery 389, the communica-
tion module 390, the subscriber 1dentification module 396,
or the antenna module 397.

The middleware 344 may provide various functions to the
application 346 such that a function or information provided
from one or more resources of the electronic device 301 may
be used by the application 346. The middleware 344 may
include, for example, an application manager 401, a window
manager 403, a multimedia manager 403, a resource man-
ager 407, a power manager 409, a database manager 411, a
package manager 413, a connectivity manager 415, a noti-
fication manager 417, a location manager 419, a graphic
manager 421, a security manager 423, a telephony manager
425, or a voice recognition manager 427.

The application manager 401, for example, may manage
the life cycle of the application 346. The window manager
403, for example, may manage one or more graphical user
interface (GUI) resources that are used on a screen. The
multimedia manager 405, for example, may 1dentily one or
more formats to be used to play media files, and may encode
or decode a corresponding one of the media files using a
codec appropriate for a corresponding format selected from
the one or more formats. The resource manager 407, for
example, may manage the source code of the application 346
or a memory space of the memory 330. The power manager
409, for example, may manage the capacity, temperature, or
power of the battery 389, and determine or provide related
information to be used for the operation of the electronic
device 301 based at least 1in part on corresponding informa-
tion of the capacity, temperature, or power ol the battery
389. According to one embodiment, the power manager 409
may interoperate with a basic input/output system (BIOS) of
the electronic device 301.

The database manager 411, for example, may generate,
search, or change a database to be used by the application
346. The package manager 413, for example, may manage
installation or update of an application that 1s distributed 1n
the form of a package file. The connectivity manager 4135,
for example, may manage a wireless connection or a direct
connection between the electronic device 301 and the exter-
nal electronic device. The notification manager 417, for
example, may provide a function to notify a user of an
occurrence of a specified event (e.g., an mcoming call,
message, or alert). The location manager 419, for example,
may manage locational information on the electronic device
301. The graphic manager 421, for example, may manage
one or more graphic eflects to be oflered to a user or a user
interface related to the one or more graphic eflects.

The security manager 423, for example, may provide
system security or user authentication. The telephony man-
ager 423, for example, may manage a voice call function or
a video call function provided by the electronic device 301.
The voice recognition manager 427, for example, may
transmit a user’s voice data to the server 308, and receive,
from the server 308, a command corresponding to a function
to be executed on the electronic device 301 based at least in
part on the voice data, or text data converted based at least
in part on the voice data. According to one embodiment, the
middleware 344 may dynamically delete some existing
components or add new components. According to one
embodiment, at least part of the middleware 344 may be
included as part of the OS 342 or may be implemented 1n
other software separate from the OS 342.

The application 346 may include, for example, a home
application 4351, a dialer application 453, a short message
service (SMS)/multimedia messaging service (MMS) appli-
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cation 455, an instant message (IM) application 457, a
browser application 459, a camera application 461, an alarm
application 463, a contact application 465, a voice recogni-
tion application 467, an email application 469, a calendar
application 471, a media player application 473, an album
application 475, a watch application 477, a health applica-
tion 479 (e.g., for measuring the degree of workout or
biometric information, such as blood sugar), or an environ-
mental mformation application 481 (e.g., for measuring air
pressure, humidity, or temperature information). According
to one embodiment, the application 346 may further include
an information exchanging application that i1s capable of
supporting information exchange between the electronic
device 301 and the external electronic device. The informa-
tion exchange application, for example, may include a
notification relay application adapted to transfer designated
information (e.g., a call, a message, or an alert) to the
external electronic device or a device management applica-
tion adapted to manage the external electronic device. The
notification relay application may transier notification infor-
mation corresponding to an occurrence of a specified event
(e.g., receipt of an email) at another application (e.g., the
email application 769) of the electronic device 301 to the
external electronic device. Additionally or alternatively, the
notification relay application may receive notification infor-
mation from the external electronic device and provide the
notification mformation to a user of the electronic device
301.

The device management application may control the
power (e.g., turn-on or turn-ofil) or the function (e.g., adjust-
ment ol brightness, resolution, or focus) of the external
clectronic device or some component thereof (e.g., a display
device or a camera module of the external electronic device).
The device management application, additionally or alter-
natively, may support installation, delete, or update of an
application running on the external electronic device.

FIG. 5 1s a block diagram of the wireless communication
module 392, the power management module 388, and the
antenna module 397 of the electronic device 301, according
to one embodiment.

Referring to FIG. 5, the wireless communication module
392 may include a magnetic secure transmission (MST)
communication module 310 or a near-field communication
(NFC) module 530, and the power management module 388
may include a wireless charging module 550. In this case,
the antenna module 397 may include a plurality of antennas
that include an MS'T antenna 597-1 connected with the MST
communication module 510, an NFC antenna 597-3 con-
nected with the NFC communication module 530, and a
wireless charging antenna 397-5 connected with the wireless
charging module 550. Descriptions of components described
above with regard to FIG. 3 are either briefly described or
omitted here.

The MST communication module 510 may receive a
signal containing control information or payment informa-
tion such as card (e.g., credit card) information from the
processor 320, generate a magnetic signal corresponding to
the received signal, and then transfer the generated magnetic
signal to the external electronic device 302 (e.g., a point-
of-sale (POS) device) via the MST antenna 597-1. To
generate the magnetic signal, according to one embodiment,
the MST communication module 510 may include a switch-
ing module that includes one or more switches connected
with the MST antenna 597-1, and control the switching
module to change the direction of voltage or current sup-
plied to the MST antenna 597-1 according to the recerved
signal. The change of the direction of the voltage or current
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allows the direction of the magnetic signal (e.g., a magnetic
field) emitted from the MST antenna 597-1 to change
accordingly. If detected at the external electronic device 302,
the magnetic signal with 1ts direction changing may cause an
cllect (e.g., a wavelorm) similar to that of a magnetic field
that 1s generated when a magnetic card corresponding to the
card information associated with the received signal 1is
swiped through a card reader of the electronic device 302.
According to one embodiment, for example, payment-re-
lated information and a control signal that are recerved by
the electronic device 302 1n the form of the magnetic signal
may be further transmitted to an external server 308 (e.g., a
payment server) via the network 399.

The NFC communication module 5330 may obtain a signal
containing control information or payment information such
as card information from the processor 320 and transmit the
obtained signal to the external electronic device 302 via the
NFC antenna 597-3. According to one embodiment, the
NFC communication module 330 may receive such a signal
transmitted from the external electronic device 302 via the
NFC antenna 597-3.

The wireless charging module 350 may wirelessly trans-
mit power to the external electronic device 302 (e.g., a
cellular phone or wearable device) via the wireless charging
antenna 597-5, or wirelessly receive power from the external
clectronic device 302 (e.g., a wireless charging device). The
wireless charging module 550 may support one or more of
various wireless charging schemes including, for example, a
magnetic resonance scheme or a magnetic induction
scheme.

According to one embodiment, some of the MST antenna
597-1, the NFC antenna 597-3, or the wireless charging
antenna 397-35 may share at least part of their radiators. For
example, the radiator of the MST antenna 597-1 may be used
as the radiator of the NFC antenna 597-3 or the wireless
charging antenna 597-5, or vice versa. In this case, the
antenna module 397 may include a switching circuit adapted
to selectively connect (e.g., close) or disconnect (e.g., open)
at least part of the antennas 397-1, 597-3, and 397-5, for
example, under control of the wireless communication mod-
ule 392 (e.g., the MST communication module 510 or the
NFC communication module 530) or the power manage-
ment module (e.g., the wireless charging module 550). For
example, when the electronic device 301 uses a wireless
charging function, the NFC communication module 330 or
the wireless charging module 550 may control the switching,
circuit to temporarily disconnect at least one portion of the
radiators shared by the NFC antenna 597-3 and the wireless
charging antenna 597-5 from the NFC antenna 5397-3 and to
connect the at least one portion of the radiators with the
wireless charging antenna 597-5.

According to one embodiment, at least one function of the
MST communication module 510, the NFC communication
module 530, or the wireless charging module 550 may be
controlled by an external processor (e.g., the processor 320).
According to one embodiment, at least one specified func-
tion (e.g., a payment function) of the MST communication
module 510 or the NFC communication module 530 may be
performed 1n a ftrusted execution environment (TEE).
According to one embodiment, the TEE may form an
execution environment 1 which, for example, at least some
designated area of the memory 330 1s allocated to be used
for performing a function (e.g., a financial transaction or
personal information-related function) that requires a rela-
tively high level of security. In this case, access to the at least
some designated area of the memory 330 may be restric-
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tively permitted, for example, according to an entity access-
ing thereto or an application being executed in the TEE.

Although certain embodiments of the present disclosure
have been described 1n the detailed description of the present
disclosure, the present disclosure may be modified 1n vari-
ous forms without departing from the scope of the present
disclosure. Thus, the scope of the present disclosure shall not
be determined merely based on the described embodiments,
but rather determined based on the accompanying claims
and equivalents thereto.

What 1s claimed 1s:

1. An apparatus for a beamiormee, comprising:

a first beamforming matrix device configured to generate

a first beamforming matrix V,,, from a channel H,
wherein the first beamforming matrix V. has dimen-
sion N...xK, where N, 1s a number of transmit anten-
nas of the apparatus, and where K 1s a number;

an equivalent channel device configured to generate an

equivalent channel H, based on the channel H and the
first beamforming matrix V., where k 1s a number
that indicates a subcarrier index; and

a second beamforming matrix device configured to obtain

a second beamtorming matrix V .. from the equivalent
channel H,.
2. The apparatus of claim 1, further comprising a channel
estimator configured to estimate the channel H.
3. The apparatus of claim 1, wherein the first beamiorm-
ing matrix V. 1s a matrix having K most significant vectors
in a right singular matrix.
4. The apparatus of claim 1, wherein the first beamform-
ing matrix device 1s further configured to determine the first
beamiorming matrix V. based on a covariance matrix of
the channel H.
5. The apparatus of claim 4, wherein the first beamform-
ing matrix device 1s further configured to quantize the first
beamiorming matrix V ;. based on the covariance matrix of
the channel H.
6. The apparatus of claim 5, wherein the second beam-
forming matrix device 1s further configured to quantize the
second beamforming matrix V. as a quantized beamtorm-
ing matrix of KxNc, and where Nc 1s a number of columns
of the quantized beamiforming matrix.
7. The apparatus of claim 1, wherein the first beamform-
ing matrix device 1s further configured to quantize the first
beamiorming matrix V., by single value decomposition
(SVD).
8. The apparatus of claim 1, wherein the equivalent
channel device 1s further configured to determine the equiva-
lent channel H, by multiplying H, by the first beamforming
matrix V.-, where H, 1s the channel H at the subcarrier
index k.
9. The apparatus of claim 1, wherein the first beamform-
ing matrix V- 1s generated to be wideband from a band-
width that depends on a channel condition and a multiple-
input-multiple-output (MIMO) mode.
10. An apparatus for a beamiormee, comprising:
a first beamforming matrix device configured to generate
a first beamforming matrix V. from a channel H,
wherein the first beamforming matrix V., has dimen-
ston N..xK, where N 1s a number of transmit anten-
nas of the apparatus, and where K 1s a number; and

an equivalent channel device configured to generate an
equivalent channel H, based on the channel H and the
first beamforming matrix V., where k 1s a number
that indicates a subcarrier mndex.

11. The apparatus of claim 10, further comprising a
channel estimator configured to estimate the channel H.
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12. The apparatus of claim 10, wherein the first beam-
forming matrix V. 1s a matrix having K most significant
vectors 1n a right singular matrix.

13. The apparatus of claim 10, wherein the first beam-
forming matrix device 1s further configured to determine the
first beamforming matrix V ., based on a covariance matrix
of the channel H.

14. The apparatus of claim 13, wherein the first beam-
forming matrix device 1s further configured to quantize the
first beamiforming matrix V. based on the covariance
matrix of the channel H.

15. The apparatus of claim 10, wherein the first beam-
forming matrix device 1s further configured to quantize the
first beamforming matrix V.- by single value decomposi-
tion (SVD).

16. The apparatus of claim 10, wherein the equivalent
channel device 1s further configured to determine the equiva-
lent channel H, by multiplying H, by the first beamforming
matrix V., where H, 1s the channel H at the subcarrier
index k.

17. The apparatus of claim 10, wherein the first beam-
forming matrix V. 1s generated to be wideband from a
bandwidth that depends on a channel condition and a
multiple-input-multiple-output (MIMO) mode.
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18. A method, comprising:

determining, by a beamiormee, a first beamiorming
matrix V. from a channel H, wherein the first beam-
forming matrix V ;. has dimension N <K, where N -
1s a number of transmit antennas of the apparatus, and
where K 1s a number;

determining, by the beamiformee, an equivalent channel
H, based on the channel H and the first beamforming
matrix V.. where Kk 1s a number that indicates a
subcarrier index; and

obtaining, by the beamformee, a second beamiforming
matrix V. from the equivalent channel H,.

19. A method, comprising:

determining, by a beamiormee, a first beamiorming
matrix V. from a channel H, wherein the first beam-
forming matrix V . has dimension N..xK, where N ...
1s a number of transmit antennas of the apparatus, and
where K 1s a number; and

determining, by the beamiormee, an equivalent channel
H, based on the channel H and the first beamforming
matrix V., where k 1s a number that indicates a
subcarrier index.
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